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SUMMARY 


A Study was conducted to determine experimentally the 
flow behavior in combined scroll nozzle assembly of a radial 
inflow turbine. Hot film anemometry technique was used to 
measure the three dimensional flow velocity in the scroll. 
The through flow and secondary flow velocity components 
are measured at various points in three scroll sections. 
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INTRODUCTION 


In recent years there has been considerable interest in the 
study of small radial gas turbines in order to improve thgir 
performance characteristics. Most of the research work has 
been concentrated on turbine rotors, since they were considered 
to have the most significant effect on turbine efficiency. 
Recently, research work has demonstrated a need for new design 
techniques in the turbine scroll and guide vanes. 

At the present time the scroll designs are still based on 
one dimensional flow calcui ,tions. Guide vane blades are merely 
designed to give the required flow turning angle. The inlet 
velocity distribution is assumed to be uniform from one guide 
vane inlet to another. Such an assumption is not realistic; a 
variation in the inlet velocity distribution exists and depends 
mainly on the scroll and the guide vane blade effects. 
Additionally, boundary layer build-up on scroll side walls has 
a blocking effect in the scroll passage. Consequently, each vane 
will have different inlet conditions, such as the inlet mass flow 
and the inlet flow incidence. 

The secondary flow in the scroll results from the non- 
equilibrium between the pressure and the centrifugal forces on 
the scroll side walls. Nonuniformities in the flow properties 
at the scroll inlet also result in secondary flow. This effect 
is similar to the secondary flow in cascade passages and pipe 
bends. The secondary flow consists mainly of vortices, whose 
strength varies along the scroll, causing a circiomferential 
variation in the flow parameters. This factor again leads to 
different inlet flow conditions in each guide vane channel. 
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Additional vortices are created in the scroll passage due 
to the flow discharge to the guide vanes. Such vortices are 
similar to the corner vortices, but are not stationary. The' 
depend on the geometry of the scroll and nozzle entrance 
arrangements. Therefore, these distributions add to the three 
dimensional flow behavior affecting the guide vane inlet flow 
properties . 

A new analysis which describes the flow behavior in combined 
scroll-nozzle assembly of radial inflow turbines is reported 
by Hamed, et al. [1] . This analysis provides a better under- 
standing of the mutual interaction effects of the flow in scroll- 
nozzle assembly. In a different but parallel investigation, 

Hamed, et al. [2] are presenting the solution for nonviscous 
rotational three dimensional scroll flow which determines the 
velocity components in the scroll cross sectional planes. Very 
few experimental measurements of scroll flow can be found in 
the literature. Reference [3] reports a detailed experimental 
and analytical study of the losses in both the vaned and vaneless 
regions of a radial inflow turbine nozzle. 

In order to study the complicated flow behavior in a scroll- 
nozzle assembly, an experimental program has been undertaken in 
the Department of Aerospace Engineering and Applied Mechanics 
at the University of Cincinnati. As a first step in this program, 
experimental measurements of the through flow velocities in 
this scroll have been completed and reported in reference [4]. 

From this data, conclusions were drawn concerning the secondary 
flow behavior. This information was beneficial in the planning 
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of the current procedures for the measurement of secondary flows 
in the scroll. 


RESEARCH SCROLL FACILITY 

The test facility was designed to incorporate a complete 
radial inflow turbine scroll for testing using cold air. The 
most recent phase of experimental investigation was concerned 
with the measurement of the through flow and secondary flow 
velocities at different scroll cross sections. It is hoped 
that with this data a better understanding of the scroll flow 
behavior will be obtained. The scroll used was a nonsymmetric 
circular type with stator nozzle annulus consisting of 13 
untwisted vanes. The turbine rotor was modified in such a way 
that the blades were removed and only the rotor hub was used in 
its place. 

The scroll was originally part of a six kilowat single shaft 
Brayton cycle space power system using a 0.1262 m (4.97 in.) 
radial inflow turbine. The design and fabrication details of 
the system are given in reference [51 . The cold performance 
evaluation of the radial inflow turbine is given in reference [6] . 

Figure 1 shows the schematic diagram of experimental set-up. 
High pressure air was supplied from four large storage tanks, 
the air passed through a remotely controlled pressure regulating 
valve, standard orifice meter, filter and a flow regulating valve 
before entering the settling chamber. The temperature of the air 
was measured in the settling chamber. The filter was used to 
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trap dust particles up to a nominal diameter of about three 
microns. This prolonged the operating life of the hot film 
sensor. 

The air supply was regulated by the flow regulating valve 
to give an air mass flow of 0.453 kg/sec (1 Ib/sec) . The 
air mass flow was measured by a standard orifice meter. The 
air from the settling chamber was fed to the scroll inlet 
through a convergent duct. The duct was circular in shape and 
blended smoothly into the inlet of the scroll. 

Experimental Investigation : 

A schematic diagram of the scroll is shown in Fig. 2, In 
the flow analysis of such a scroll, it is more convenient to 
define two cylindrical coordinate systems. The machine coordinate 
system (R,4>,Z) is fixed frame of reference with its Z axis as 
the machine shaft axis of the impeller. For the machine axes, 
the 4> = 0 line is 90° from the scroll entrance face as shown 
in Fig. 3. This set condition v/ill be used for the purpose of 
discussion of the results. For the convenience of handling the 
experimental data in a specific scroll cross section, it is 
necessary to define a local axes system (r,9,X) which is attached 
to the center of any particular scroll cross section under 
investigation. In this system, the X-axis is zero in the plane 
of the cross-section and is normal to this plane. Note that in 
the machine coordinate systems, the tangential direction at the 
center of any section coincides with the X-axis on the scroll cross 
section (the so-called through flow velocity direction) . 
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Scroll Geometry ; 

Since curvilinear flow channels with variable cross-sections 
offer no characteristic length, Reynolds number (Vd/v) alone 
based on the average velocity v of steady flow ceases to be a 
criterion of describing the flow, as it is used for straight 
pipe flow. However, a simple dimensional analysis carried out 
suggests that such flow can be geometrically and dynamically 
compared by defining two nondimens ional numbers, namely; 

(pQ/ud) and R/d where Q is the volume flow rt'te. In this work 
the scroll inlet mass flow Reynolds number was defined as 
4 m 5 

— and is equal to 2.607 x 10^. Figure 3 shows three 

scroll section locations. The first cross section is at 
(}) = 0°, the second at (j) = 71° and the third at = 139°. 

Instrumentation ; 

The air mass flow was measured using a standard orifice 
meter. The temperature of the air was measured in the settling 
chamber using a simple commercial dial type thermometer with a 
stem. No pressure measurements were made except at the orifice 
meter. The velocity measurements inside the scroll were made 
using the TSI model 1213-20 hot film slant sensor shown in 
Figure 4. The cylindrical sensor element is 0.0508 mm (0.002 in.) 
in diameter, 1.016 mm (0.040 in.) long, and is at a slant angle 
of 45°. It is coated with alumina and gold plated at the ends 
where it is fixed to the prongs. The prongs are 12.7 mm (0.5 in.) 
long . 
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Probe Mount and Flow Measurement: 


The positions of three scroll cross sections where the 
measurements have been taken are shown in Fig. 3. At each 
section, specially designed probe ports were welded at discrete 
angular locations, which allowed the probes to survey the complete 
scroll cross section. These ports were designed to mate properly 
with an automatic traversing mechanism. The probe was then 
mounted onto the electrically driven traversing mechanism. 

This permitted continuous movement of the probe into the cross 
section along radial (r) lines in order to minimize experi- 
mentation time and human errors. The rate of transverse could 
also be varied. The depth position of the probe was read on a 
graduated scale mounted on the traversing raechanisir.. 

Figures 5a, 5b and 5c give the details of probe port locations 
for three cross sections. Figure 6 shows the relative po itions 
of the three scroll sections with respect to the machine axis. 

The radius of curvature R from the center of the scroll section 
makes an angle e to the scroll horizontal. A table attached 
to the figure shows the radii of curvature and the corresponding 
e of the three sections. 

Procedure : 

The high pressure air supply from air storage tanks was 

5 2 

regulated to a pressure of 4.1368 x 10 N/m gauge {60 psig) 
at the orifice meter using a pressure regulating valve. The 
air supply was passed through an air filter to a settling chamber 
where the temperature was measured. The pressure drop across the 
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orifice meter was varied with the flow regulating valve to give 
an actual air mass flow of 0.453 kg/sec (1 Ib/sec) . The air 
temperature did not vary appreciably from the nominal 
temperature of 21.11*’C (70°F) . 

The flow velocity measurements inside the scroll were made 
using a hot film slant sensor. It was advantageous to use 
this sensor for three dimensional flow measurements since it 
required only one channel of electronic circuitry, when 
compared to two or three for cross wire probes. This conse- 
guently minimized measurement errors. Also, the obstruction 
to the flow field was reduced. The operation, calibration 
and the evaluation of velocities from the anemometer output 
signals are explained in Appendax A. 

RESULTS AND DISCUSSION 

The scroll inlet velocity measurements were made at two port 
locations. The results are shown in Fig. 7 and Table 1- The 
total velocity vector at every point of measurement in the scroll 
cross sections was resolved into three components. The through 
flow component, V , and the two secondary flow components V, 
and V^. Figures 8a, 8b and 8c show the measured through flow 
velocities in each of the three sections. The contour lines of 
the through flow velocity were obtained by normalizing the local 
measured velocities with respect to the scroll inlet average 
velocity of 16.36 m/sec (53.7 ft/sec). For all the measurements 
the mass flow rate was maintained at 0,453 kg/sec (1 Ib/sec) . 
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TABLE 1 


THE SCROLL INLET VELOCITY DISTRIBUTION 


Angular Position 
(deg) 

Radial Depth 
(cm) 

Through Flow Velocity 
V^ (m/'sec) 

A 

0 

1.27 

15.54 

0 

1.9 

15,77 

0 

3,17 

16.27 

0 

4.44 

16.25 

0 

5.71 

16.49 

0 

6.98 

16.86 

0 

8.25 

17.25 

0 

9.52 

16.28 

0 

10.08 

16.38 

90 

1.27 

14.9 

90 

1.9 

15.82 

90 

3.17 

16.43 

90 

5.39 

16.45 

90 

7.62 

16.86 

90 

8.89 

17.2 

90 

10.16 

17.25 
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The through flow velocity contours are similar to the ones 
obtained using an x-probe given in reference [4] . The numerical 
values of the flow velocity components at various locations in 
the scroll are given in Appendix B. 

Figure 9 shows the secondary flow velocity vectors at 
various points in scroll section 1. There are two secondary 
flow currents observable in this data which are schematically 
shown in Pig. 10. The horizontal components of the secondary 
flow velocity vectors are plotted and shown in Fig. 11. 
Inspection of this figure clearly illustrates the parting 
position of the secondary flow currents. The secondary flow 
pattern for scroll section 2 is shown in Fig. 12. Once again 
there are two secondary flow loops as illustrated in Fig. 13. 
However, the flow parting position has rotated in the clockwise 
direction. Moreover, the magnitude of the secondary velocities 
have increased. The horizontal components of the secondary 
flow velocity vectors for section 2 are shown in Pig. 14. 

The secondary flow pattern for scroll section 3 is shown in 
Figs. 15 through 17. Once again there are two recirculating 
zones and the flow parting position has rotated clockwise though 
not as much as that of the second section. The secondary flow 
currents observed during these tests are a result, in part, 
from a nonequilibrium between pressure and centrifugal forces. 
This imbalance, due to the nozzle discharge and the passage's 
curvature is directly related to the scroll geometry. For a 
better understanding of such phenomenon further testings are 
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necessary for scroll having different design configurations. 
Presently we are measuring the secondary and through flows in 
vaneless scroll and the results will be reported in separate 
report. 
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Nomenclature 


d diameter of the scroll cross section, m 

angular increments to yaw angles, deg,, (eqs. 9 and 10, 
Appendix A) 

* 

m mass flow rate, kg/sec 

3 

Q volume flow rate, m /sec 

r radius of the scroll cross section, m 

r^ radial depth of the measuring point, cm 

R radius of curvature of the machine coordinate system 

(fig. 2) 

S the sensor axis (fig. 18) 

V _ flow velocity vector, m/sec 

horizontal component of the secondary flow velocity, 
m/sec 

V secondary flow velocity, m/sec 
s 

vertical component of secondary flow velocity, m/sec 

V through flow component of velocity, m/sec 

X x-axis of probe coordinate system (fig. 18) 

X X-axis of scroll coordinate system (fig. 2) 

y y-axis of probe coordinate system (fig. 18) 

2 2 -axis of probe coordinate system (fig. 18) 

Z Z-axis of scroll coordinate system (fig, 2) 

CL sensor yaw angle, deg. (fig. 18) 

£ angle between the radius of curvature and the horisontal 

axis, deg. (fig. 6) 

9 angular position of the measuring parts, deg. (fig. 5) 

9^ angle between sensors axis and x-axis, deg. (fig, 18) 
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probe pitch angle, deg. (fig. 18 ) 
probe yaw angle, deg. (fig. 18 ) 
dynamic viscosity, kg/m sec 
density, kg/m^ 

scroll angular coordinate, deg. 



APPENDIX A 


HOT FILM VELOCITY MEASUREMENT TECHNIQUE 

A schematic diagram of the probe along with coordinate 
axes used is shown in Fig. 18. The z coordinate is along the 
axis of the probe and x coordinate is located in such a way 
that the sensor lies in the x-z plane. The sensor axis S makes 
an angle 0^ with the x axis and a is the angle between the sensor 
axis and the flow velocity vector V. The direction, of the 
velocity vector with respect to the probe is defined by 0^, 
the probe yaw angle and 6 , the probe pitch angle. A relation- 

It 

ship among the various angles is given by the equation: 

cosa = COS0 GOS0 COS0 + sin0 sin0 (1) 

o p y op 


A detailed description of the measurement procedure is given 
in reference [7]. 

Usually sensors are calibrated with flow normal to 
the sensor, i.e. sensor yaw angle ct = 90°. If a flow measure- 
ment is taken at a sensor angle other than 90°, in this 
case, the effective velocity indicated by the sensor 
will be different from the actual flow velocity V. Schmidt 
and Okishi [7] used a second order emprical correlation 
to express the relationship between these two velocities 


as follows : 


^ = bQ + b^a + b^Op + b3V + b^a^ + ^50^ + bgV^ + + bgUV + bgO^V 
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The coefficients through were determined using the cali- 
bration procedure given below. 

Calibration Procedure ; 

In order to obtain the coefficients for the above equation, 
the probe was calibrated with the help of TSI Model 1125 
calibrator [8] which uses a calibration nozzle. A probe fixture 
was developed to vary the yaw and pitch angles of the probe 
with respect to the flow from the nozzle. Initially the probe 
was calibrated for flow normal to the sensor {a = 90°) and the 
relationship between signal output and velocity was curve fitted 
using a polynomial curve fit. Using the probe fixture, the sensor 
was swept through various ranges of yaw and pitch angles . An 
example of a typical set of angular increments is shown in 
Table 2. The measurements shown in the table are only for one 
particular flow velocity. However, the calibration was carried 
out over the entire velocity vector envelope which was to be 
encountered in the experiment. The flow at the exit of the 
calibration nozzle was at about 21.11°C {70°F) and at 
atmospheric pressure- The air temperature in the scroll during 
measurements did not vary much from this temperature. Hence, 
no temperature correction was applied. However, since hhe 
air pressure was different, density corrections were applied 
to all the sensor output readings. 
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ORIGINAL PAGE 13 
OF POOR QUALITY 

TABLE 2 


VELOCITY = 76.19 ra/sec (250 ft/sec) 


1 

e ' 

8 


e ^ 

9 


p 

y 


P : 

y 


Pitch 

YAW 

Signal 

Pitch 

YAW 

Signal 

Angle 

Angle 

Output 

Angle 

Angle 

Output 

Deg. 

Deg. 

Volts 

1 

Deg. 

Deg. 

Volts 

-6 

50 

i 

7.283 

+ 3 

50 

7.216 

1 

40 

7.19 


40 

7.111 


30 

7.121 


30 

6.87 


20 

6.899 


20 

6.737 


10 

6.813 


10 

6.606 


0 

6.702 


0 

6.508 


-10 

6.716 


-10 

6.529 


-20 

6.875 


-20 

6.619 


-30 

7.044 


-30 

6.737 


-40 

7.136 


-40 

6.893 


-50 

7.222 


-50 

7 . il 3 

-3 

50 

7.273 

+6 

50 

7.191 


40 

, 7.184 


40 

7.04 


30 

7. 073 


30 

6.817 


20 

6.828 


20 

6.680 


10 

6.743 


10 

6.535 


0 

6.642 


0 

6.434 


-10 

6.657 


-10 

6.467 


-20 

6.757 


-20 

6.545 


-30 

6.953 


-30 

6.686 


-40 

7.093 


-40 

6.838 


-50 

7.192 


-50 

7.063 

0 

50 

7.247 





40 

7.145 





30 

6.96 





20 

6.782 





10 

6.675 





, 0 

6.579 





-10 

6.590 





-20 

6.687 





-30 

6.807 





-40 

7.002 





-50 

7.160 


i 
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A computer program was developed to obtain the coefficients 
necessary for the equation (2) , from a least square curve fit 
of effective velocity calibration data obtained for different 
probe orientations and air speeds. Two sets of coefficients 
were obtained. One for the velocity data at positive yaw angles 
and the other for the negative yaw angles. 

Operation : 

The magnitude and direction of the velocity in the scroll 
at any one point was determined by taking the measurements at 
three probe angle orientations and reducing the data using 
equations (1) and (2). Referring to Fig. 19, if the three probe 
orientations are A, B and C, the resulting six equations are: 

For position A, 


V 

e,a 

V 


Oa 


+ b 


la 


ct 


+ b 


2a 


+ b_ V + b. 
3a 4a 


ct. 


+ b 


5a 


e 


2 

P 


cosa 

a 


+ be V 

6a 


^7a “a®p + ^8a “a"^ ^9a 


0 


V 

P 


cos9 COS0 
o p 


COS0 + sin0 sin0 

y op 


(3) 

(4) 


For position B, 


V , . ^ 

- = b , + b,, a, + b«, 0 + b^, V + b., at + br-v, 9^ 

V Ob lb b 2b p 3b 4b b 5b p 


+ ‘‘eb “b^ ^ '=8b “b'^ ^ ‘^gb 


(5) 
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( 6 ) 


cosa, == COS0 COS0 cos8 , + sin0 sin0 

a o p yo op 


For position C, 


^ + b, a_ + b-_ 0_ + b^ V + b,_ + b„ 0^ 


'Oc ^Ic "c 2c ^'p ' *"30 '' "4c "‘c "5c "p 


+ b.^ + b-^ a„0„ + bo^ V + b^^ 0„"'^ 

oc 7c c p 8c c yc p 


(7) 


cosa = cos0„ COS0 cos0 + sin0 sin0 (8) 

c 0 p yc op 


Since the last two probe orientations are made by fixed 
angular increments with respect to the first. 


3yb = ®y + ""b 


9 = 0 - m 

yc y c 


(9) 

(10) 


The coefficients b^ through bg in the equations (3) to (8) 

were known. The three effective velocities V #■ V , and V 

e,a e,b e,c 

being measured values, the above six equations could be solved si- 
multaneously for the 6 unknown variables a , a, , a , 0 , V, 

a b c p 

and 9y. A computer code has been developed to solve the 

above equations simultaneously using the Newton-Raphson nxamerical 

method. With V, 0 and 0 determined, the velocity vector, V 

P y 

is completely specified with respect to the probe coordinate 
system. The velocity vector was then resolved into three components 
in the scroll coordinate system (horizontal velocity, through 
vector and vertical velocity) . 
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were 


The three probe measurement angles 6^/ and 9^^ 

so chosen that they lie in regions of high sensor sensitivity. 
To avoid probe prong interference, the shorter prong was .-always 
positioned into the flow upstream of the longer prong. First, 
the probe was rotated so as to face the flow direction, which 
is characteristically given by a minimum voltage output signal. 
The probe was then turned by 5° in the positive direction to get 
position A {Fig. 19) and the signal recorded. Position B was 
obtained by turning the probe by 30° in the positive direction 
and the reading taken. Finally the third reading was taken 
by rotating the probe in the negative direction by 30° from 
position A to obtain position C. 
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APPENDIX B 


ORIGINAL PAGE IS 
OF POOR QUALITY 


SCROLL SECTION 1 


Radial 

Depth 

(cm) 

Yd 

Through Flow 
Velocity 
(m/sec) 

Secondary 

Plow Velocity 

(m/sec) 

Vertical 

Component 

V 

^ 1 

Horizontal 

Component 

^h 

Resultant 



Angular Position 0 

= -3“ 

0.63 

15.84 

-3.96 

-1.12 

4.11 

1.90 

17.51 

-3.07 

-1.20 

3.30 

3.17 

19.30 

-1.15 

-1.31 

1.74 

3.81 

19.30 

-1.15 

-1.31 

1.74 

4.44 

19.30 

-1.15 

-1.31 

1.74 

5.71 

18.50 

-2.20 

-0.97 

2,: 40 

6.98 

18.41 

-2.30 

-0 . 90 

2.46 

8.25 

17.99 

-2.98 

-0.62 

3.04 

9.52 

17.74 

-3 . 52 

0.42 

3.55 

- 


Angular Position 0 

= 20° 

0.63 

13.18 

-4.27 

3.27 

5.37 

1.90 

16.01 

-4.42 

-0.28 

4.43 

3.17 

19.34 

-1.41 

-1.78 

2.27 

3.81 

19.58 

-1.44 

-1. 80 

2.30 

4.44 

20.02 

-1.39 

-1.54 

2.08 

5.71 

20.84 

-1.02 

-1.96 

2.21 

6.98 

21.07 

-1.15 

-1.51 

1.90 

8 . 25 

21.23 

-1,60 

-1.13 

1.96 

9.52 

21.18 

-2.10 

-0.44 

2.15 



Angular Position 0 

= 45° 

1.90 

15.64 

-1.01 

2.63 

2.82 

3,17 

17.18 

-0.32 

2.53 

2.55 

3.81 

18.82 

0.51 

1.66 

1.75 

4.44 

18.55 

0.09 

2.16 

2.16 

5.71 

19.83 

0.36 

1.98 

2.01 

6. 98 

19.42 

-0,10 

3.84 

3.84 

8.25 

24.84 

2.16 

-1.04 

2.40 

9.52 

23.92 

2.71 

1.81 

3.26 
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ORIGINAL PAG£ IS 
OF POOR QUALITY 


SCROLL SECTION 1 


Radial 

Depth 

(cm) 

Yd 

Through Flow 
Velocity 
(m/sec) 

Secondary 

Plow Velocity (m/sec) 

Vertical 

Component 

Horizontal Resnltant 

Component 

h s 



Angular Position 

0 = 67.5° 

1.90 

14.57 

-•0.34 

3.16 

3.18 

3.17 

14.22 

“0.27 

4.95 

4.96 

3.81 

14.62 

-0.28 

5.23 

5.24 

4.44 

18.53 

1.04 

1.48 

1.81 

5.71 

18.06 

0.48 

3.79 

3.82 

6.98 

21.72 

0.92 

0.94 

1.31 

8.25 

22.35 

0.33 

2.10 

2.13 

9.52 

24.55 

-0.43 

1.51 

1.56 



Angular 

Position 

9 = ‘90° 

1.90 

13.36 

1.15 

4.33 

4.48 

3.1-7 

14.22 

1.64 

4.68 

4.96 

3.81 

16.62 

0.96 

2.59 

2.77 

4.44 

17.79 

1.09 

1.81 

2.12 

5.71 

19.29 

1.35 

1.59 

2.09 

6.98 

21.45 

1.24 

1.31 

1.81 

8.25 

22.77 

1.78 

2.27 

2.88 

9.52 

24.49 

2.20 

2.99 

3.71 



Angular 

Position 

0 = 112.5° 

1.90 

15.15 

1.51 

2.04 

2.54 

3.17 

16.13 

1.66 

2.23 

2.78 

3.81 

16.64 

1.73 

2.33 

2.90 

4.44 

18.00 

1.31 

1.32 

1.86 

5.71 

19.38 

1.89 

1.42 

2.36 

6.98 

20.57 

2.03 

1.54 

2.55 

8.25 

21.73 

6:.i3 

0.03 

6.13 

9.52 

22.97 

7.47 

0.15 

7.47 



Angular 

Position 

9 = 135° 

1 

0.63 

12.10 

6.39 

0.85 

6.45 

1.90 

15.71 

3.77 

-0.59 

3.82 

3.17 

17.13 

3.89 

-1.03 

4,02 

4.44 

13.73 

3.65 

-2.31 

4.32 

5.71 

17.86 

5.40 

-0.38 

5.41 

6.98 

19.48 

5.73 

-1.86 

6.02 

8.25 

21.01 

5.74 

-2.24 

6.16 

9.52 

21.33 

6.94 

-2.28 

7.31 
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ORIGINAL PAGE IS 
ni: POOR quality 


SCROLL SECTION 2 


Radial 

Depth 

(cm) 

Through Flow 
Velocity 
(m/sec) 

\ 

Secondary 

Flow Velocity 

(m/sec) 

Vertical 

Component 

Horizontal 

Component 

^h 

Resultant 



Angular Position 9 

= -3° 

1.27 

9.34 

-9.99 

5.29 

11.31 

1.90 

19.51 

-2.22 

1.75 

2.83 

3.17 

20.27 

-1.88 

1.29 

2.28 

3.81 

20.73 

-1.30 

1.50 

1.99 

4.44 

19.89 

-2.26 

1.57 

2.75 

5.71 

20.10 

-2.31 

1.81 

2.93 

6. 98 

20.27 

-2.54 

2.53 

3.59 

8.25 

20.57 

-2.38 

2.08 

3.16 



Angular Position 0 

= 19° 

1. 27 

19.34 

-0.18 

2.61 

2.62 

1.90 

17.93 

-1.61 

3.29 

3.67 

2.54 

18.42 

-1.41 

3. 03 

3.34 

3.17 

18.99 

-0.76 

3.14 

3.23 

3.81 

20.12 

0.15 

2.80 

2.81 

4.44 

19.69 

-0.55 

3.50 

3.54 

5.08 

19.98 

-0.34 

3.57 

3.58 

5.71 

19.98 

-0.31 

4.40 

4.41 

6.35 

19.88 

-0.46 

4.59 

4.61 

6. 98 

21.83 

-1.19 

4.30 

4.46 

7.62 

21.09 

-0.52 

4.39 

4.91 

8.25 

21.19 

-0.41 

5.12 

5.13 



Angular Position 9 = 

41° 

1.90 

16,32 

-1.44 

1. 97 

2.44 

3.17 

18.48 

-0.47 

0.31 

0.57 

3.81 

18,44 

1.12 

2.69 

2.91 ! 

4.44 

18.47 

0.97 

3.14 

3.29 1 

5.71 

18.69 

0.63 

4.22 

4.26 

6. 98 

19.47 

0.80 

4.57 

4.64 

8.25 

21.23 

2.48 

4.49 

5.13 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

SCROLL SECTION 2 



Through Plow 
Velocity 
(m/sec) 

Secondary 

Flow Velocity 


LX «JU 

Depth 

(cm) 

Vertical 

Component 

Horizontal 

Component 

^h 

Resu’ltant 

^s 



Angular Position 0 

= 65® 

1. 27 

14.24 

3.63 

5.44 

6.54 

1.90 

15.63 

3.65 

4.90 

6.11 

2.54 

16.15 

3.71 

4.81 

6.08 

3.17 

17.00 

4.20 

4.59 

6.22 

3.81 

18.03 

4.69 

4.22 

6.31 

4.44 

18.82 

5.43 

4.06 

6.78 

5.08 

18.71 

5.08 

5.13 

7.22 

5.71 

19.85 

5.25 

4.68 

7.03 

6.35 

20.31 

5.68 

5.35 

7.80 

6.98 

18.87 

5.57 

7.56 

9.39 

7. 62 

21.73 

6.43 

5.23 

8.29 

8.25 

22.51 

6.47 

5.70 

8.63 



Angular Position 6 

= 87.5“ 

1.27 

15.60 

2.91 

2.62 

3.92 

1.90 

16.27 

2.71 

2.48 

3.68 

3.17 

17.62 

3.08 

2.25 

3.82 

3.81 

17.62 

3.27 

3.42 

4.73 

4.44 

18.56 

3.55 

2.97 

4.63 

5.71 

20.16 

3.88 

3.30 

5.09 

6.98 

21. 60 

4.42 

3.57 

5.68 

8.25 

24.79 

4.68 

2.48 

5.30 



Angular Position 9 

= 134° 

1.75 

15.67 

6.56 

-2.75 

7.11 ‘ 

2.38 

15.14 

7.34 

-1.87 

7.58 

3.02 

18.02 

5,89 

-4.55 

7.44 

3.65 

17.21 

6,81 

-3.27 

7,55 

4.29 

18.23 

6.88 

-4.44 

8.18 

5.56 

19.60 

7.24 

-4.65 

8.60 

6. 83 

19.81 

8,67 

-4.64 

9.83 

8,10 

20.72 

9.78 

-5.45 

11.20 
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SCROLL S 

ECTION 3 

OF POOR 

page 

quality 



Through Plow 
Velocity 
(m/sec) 

Secondary 

Flow Velocity 

(m/sec) 

Depth 

(cm) 

Vertical 

Component 

Horizontal 

Component 

^h 

Resultant 

V- 

S 



Angular Position 0 

= -1® 

1.27 

19.35 

-2.44 

3.90 

4.60 

1. 90 

19.63 

-2.24 

3.57 

4.21 

2.54 

19.83 

-2.02 

3.69 

4.21 

3.81 

19.80 

-2.25 

4. 05 

4.63 

4.44 

19.56 

-2.44 

4.15 

4.81 

5. 08 

19.50 

-2.65 

4.42 

5.15 

5.71 

18.51 

-3.86 

4.75 

6.12 

6.35 

20.57 

-2. 00 

4.75 

5.16 



Angular Position 6 

= 19° 

1.27 

17.24 

-2.03 

3.20 

3.79 

1.90 

17.82 

-1.65 

2.44 

2.95 

3. 1'7 

18.96 

-0.80 

2.53 

2.65 

3. 81 

19.30 

-0.73 

2.77 

2.87 

4.44 

20.57 

0.35 

2.26 

2,28 

5.08 

19.22 

-1.39 

3.81 

4.05 

5.71 

20,27 

-0.41 

3.47 

3.50 

6.35 

20.55 

-0.68 

3.54 

3.60 



Angular Position 0 

= 41° 

1.27 

15.78 

0.05 

5.67 

5.67 

1.90 

18.10 

0.77 

4.21 

4.28 

2.54 

13.28 

1.31 

4.48 

4.67 

3.17 

16.87 

0.01 

6.15 

6.15 

3.81 

18.26 

0.49 

5.40 

5.42 

4.44 

18.27 

0.35 

6.03 

6.04 

5. 08 

20.85 

2.44 

4.39 

5.02 

5.71 

20.68 

2.33 

5.24 

5.74 

6.35 

21.63 

3.16 

4.72 

5.68 



Angular Position 9 

= 63° 

0. 63 

15.18 

2.03 

5.76 

6.11 

1.27 

16.56 

1.67 

4.18 

4.50 

1.90 

17.25 

1.87 

3.81 

4.25 

2.54 

17.96 

1.73 

3.60 

3.99 

3.17 

19.29 

2.52 

2.90 

3.84 

3. 81 

20.15 

2.76 

2.65 

3.83 

4.44 

20.41 

3.06 

3.29 

4.50 

5. 08 

20.63 

3.31 

3.38 

4.73 

5.71 

21.27 

3.19 

3.44 

4.69 

6.35 

23.61 

4.04 

1.80 

4.42 
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ORIGINAL PAGE (S 
OF POOR QUALITY 


SCROLL SECTION 3 


Radial 

Depth 

(cm). 

Through Plow 
Velocity 
(m/sec) 

. 

Secondary 

Flow Velocity 

(m/sec) 

Vertical 

Component 

Horizontal 

Component 

^h 

Resultant 



Angula 

r Position 9 

= 88® 

1.27 

15.91 

3.12 

3,26 

4.51 

1.90 

16.82 

3,11 

2.51 

4.00 

2,54 

17.62 

2.92 

3.04 

4.21 

3.17 

17.42 

3,23 

4.18 

5.28 

3.81 

18,11 

6.57 

3.49 

7.44 

4.44 

17.61 

7.27 

4.79 

8.70 

5.08 

18.82 

7.63 

4.79 

9.01 

5.71 

18.87 

8.23 

5.64 

9.98 

6.35 

20.69 

8.86 

5.07 

10.20 



Angular Position 6 

= 110® 

1.2.7 

14.93 

6.61 

1.85 

6.86 

1.90 

15.72 

6.78 

1.58 

6.96 

2.54 

17.56 

6.09 

0.57 

6.11 

3.17 

18.46 

6.17 

0.46 

6.19 

3.81 

18.82 

7.01 

0.70 

7.04 

4.44 

18,91 

7.91 

1.23 

8.00 

5.08 

18.9 4 

8.90 

1.75 

9.07 

5. 71 

21.75 

8.31 

-0.54 

8.33 

6.35 

20.42 

10.04 

2.14 

10.27 



Angulai’ Position 9 

= 133° 

1.27 

13.90 

8.06 

-2.14 

8.34 

1.90 

15.21 

8.17 

-3.35 

8.83 

2.54 

15.86 

8.29 

-3.19 

8.88 

3.17 

16.29 

8.53 

-3.54 

9.24 

3.81 

15.41 

9.86 

-2.95 

10.29 

4.44 

17.31 

9.39 

-4.04 

10.22 

5.08 

18.68 

8.37 

-1.87 

8.57 

5.71 

19.46 

8.38 

-2.25 

8.68 

6.35 

20.80 

8.41 

-3.30 

9.04 
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PRESSURE REGULATING VALVE 



FIG. 1 . SCHEMATIC D 


TO LOW PRESSURE 
EXHAUST SYSTEM 
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FIG, i), SCHEMATIC DIAGRAM OF HOT FILM SENSOR, 
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SECTION 

1 

2 

3 
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FIG. 10. SCHEWTIC DIAGRAM OF RECIRCULATION ZONES (SECTION 1),. 
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FIG. 11, HORIZOMTAL COMPONENT OF SECONDARY FLOW VELOCITY VECTORS (SECTION 1) 
(SCALE; 1 CM = 10 m/sec) 
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FIG, M. HORIZONTAL COMPONENTS OF SECONDARY FLOW VELOCITY VECTORS, (SECTION 2) 
(SCALE: 1 CM = 10 m/sec). 



FIG. 15. SECONDARY FLOW VELOCITY VECTORS (SECTION 3) 


(SCALE; 1 CM = 12 m/sec) 
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FIG. 16. SCHEMATIC DIAGRAM SHOl'Hi^lG RECIRCULATION ZONES (SECTION 3). 
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